Archean, flanged lenticular microfossils, fluid dynamics, planktonic, simulation
. The morphologically diverse Archean organic microstructures include threads, hollow tubes, segmented tubes, small spheroids, large spheroids, and lenses.
Among these various types, lenticular structures (lenses) are remarkable. They have been discovered in the 3.0 Ga Farrel Quartzite and the 3.4 Ga Strelley Pool Formation, in the Pilbara Craton of Western Australia and the 3.4 Ga Kromberg Formation and potentially the
Ga Fig Tree Group in the Kaapvaal
Craton, South Africa (Oehler, Walsh, Sugitani, Liu, & House, 2017; Pflug, 1967; Sugitani et al., 2007 Sugitani et al., , 2010 Sugitani et al., , 2013 Walsh, 1992) (Figure 1 ). Though now widely accepted as bonafide microfossils and being among the oldest fossilized cells on Earth, the lenticular microfossils are unusual for Archean life, in their large (20-80 μm across) size, acid-resistant robust organic-walls, and surrounding flanges. Whatever their biological affinities, they represent one of the most successful groups of organisms on the Archean Earth, with a lifetime, as a group, of at least 400 million-years and a potentially cosmopolitan occurrence (House, Oehler, Sugitani, & Mimura, 2013; Oehler, Walsh, Sugitani, & House, 2014; Oehler et al., 2017) . This is particularly important, as the surface environment in the Archean is thought to have been extremely harsh, including repeated asteroid impacts (e.g., Byerly, Lowe, Wooden, & Xie, 2002; Glikson et al., 2016; Lowe, 2013; Lowe & Byerly, 2015) , widespread and prolonged volcanic activities (e.g., Lowe, 1999; Van Kranendonk et al., 2006) , and intense UV-radiation (e.g., Catling & Claire, 2005; Cockell & Raven, 2007) . It has previously been speculated that the lenticular fossils may have been planktonic, based on their equant cell shapes, their non-mat-forming occurrence along with fragmented microbial mats, vacuole-like cavities, and their carbon isotopic compositions (House, et al. 2013; Lepot et al., 2013; Oehler et al., 2014 Oehler et al., , 2017 . Moreover, it was suggested that a planktonic habit and robustness might have enhanced survival of the lenticular organisms on the harsh early Earth (Oehler et al., 2014 . However, analogy with younger vesicular acritarchs leaves it open whether the lenticular microbes represent either a benthic or planktonic lifestyle (e.g., Sugitani, Grey, Nagaoka, Mimura, & Walter, 2009 ) and there have been no comprehensive models that explain why these organisms were so large or why they evolved flanges and robust walls. To address these issues, we used micro fluid dynamics and virtual cells to provide insights into how lenticular shape, large size, equatorial flanges, and robust walls could have been related to each other in the ecology of the Archean lenticular organisms and what relevance these traits may have had to the success of those microbes on the early Earth.
| WHAT ARE LENTI CUL AR MICROFOSS IL S?
In many of lenticular microfossil specimens, sheet-like appendages (flanges) can be distinguishable from the central zone at the polar view (Figure 2a,b) , and thus, the lenticular structures can be designated as being composed of central body and surrounding equatorial flange, although some can be mistaken as fusiform at two dimensional view ( Figure 2c ). This is confirmed by three-dimensional morphology of specimens reconstructed by stacking images taken at various focal depths ) and by examination of specimens extracted by acid maceration (decomposition of host rocks using mixture of hydrochloric acid and hydrofluoric acid at room temperature) Sugitani, Mimura, Takeuchi, Lepot, et al., 2015) .
While some specimens certainly have translucent central body, many of the central bodies are dark and dense (Figure 2d ), which however does not mean that they are massive and filled with carbonaceous matter. This feature can be attributed to thick wall of central body ( Figure 2a) and/or alveolar inner structures (Figure 2e ) (Oehler et al., 2009 Sugitani, Mimura, Takeuchi, Lepot, et al., 2015) . Lenticular structures retain their morphology even after extraction and liberation from host rock (Figure 2d ,e), which is contrastive to spheroid structures that appear to be tightly folded up (Figure 2f ). Lenticular microstructures are mostly from 20 to 80 μm in length along the major dimension. Some can be up to >100 μm. Detailed morphological characterization was made for the 3.4 Ga lenticular microfossils (n > 800) from the Strelley Pool Formation, revealing their minor morphological variations such as whole area and oblateness at the polar view . Oblateness, defined by {(the major dimension -the minor dimension)/the major dimension} polar view , ranges from nearly 0 to 0.55 (Figures 2g,h and 3 ). The whole size (area) at the polar view ranges from <1,000 μm 2 to up to 6,000 μm 2 , and flange ratio defined by {(the whole area -the body F I G U R E 1 Early Archean greenstone belts in Australia and South Africa from which lenticular microfossils have been identified area)/the whole area} polar view ranges from <0.1 to ~0.55 ( Figure 3 ).
Flange texture is also variable from hyaline, reticulated, fluffy, and striated, although their primary origin and significance have yet been poorly understood Sugitani, Mimura, Takeuchi, Lepot, et al., 2015) . Morphologically similar flanged lenticular microfossils have been described from some Proterozoic successions (e.g., Samuelsson, Dawes, & Vidal, 1999; Sergeev, Knoll, Vorob'eva, & Sergeeva, 2016) , although their biological affinities and taxonomic relationship with Archean equivalents are not known.
A series of studies have fully demonstrated biogenicity of the lenticular structures House et al., 2013; Lepot et al., 2013; Oehler et al., 2009 Oehler et al., , 2010 Oehler et al., , 2017 Sugahara, Sugitani , Sugitani, Grey, Nagaoka, Mimura, & Walter, 2009 , 2013 , Sugitani, Mimura, Takeuchi, Lepot, et al., 2015 Walsh, 1992) . Essences of our argument for the biogenicity of lenticular 2) Lenticular structures are composed of organic matter whose carbon isotopic ratios are significantly light (δ 13 C PDB <−30 per mil).
Heterogeneous carbon isotopic values were observed even in a single specimen. Nitrogen and sulfur are also detected.
3) Some of lenticular structures can be extracted by HCl-HF maceration of host rocks, indicating that they have acid-resistant organic wall. Pool Formation (Alleon et al., 2018) . These results would be unexpected in volcanic vesicles and thus support the biogenicity of the described carbonaceous structures.
4)

| HAB ITATS , LIFE S T YLE , AND TA XONOMY OF LENTICUL AR MICROB E S
Origin and depositional environment of host rocks provide direct information about environment of habitat of lenticular microfossils.
Host rocks of lenticular microfossils are all carbonaceous black cherts (Sugitani et al., 2007 Walsh, 1992) . Aqueous environment of the black chert deposition was suggested from sedimentary structures such as parallel to cross lamination, stratigraphic relationship with other lithologies such as carbonate, sandstone, shale, volcaniclastics and banded iron-formation and trace element characteristics (Allwood, Kamber, Walter, Burch, & Kanik, 2010; Sugahara et al., 2010; Sugitani et al., 2007 , 2013 , Sugitani, Mimura, Takeuchi, Yamaguchi, et al., 2015 Walsh, 1992) . As to the depositional environment of the Farrel Quartzite, Retallack, Krinsley, Fischer, Razink, and Langworthy (2016) claimed that the fossil-bearing black chert was paleosol. However, the authors examined black chert layer that was not identical to that from which microfossils were originally discovered and overlooked previously presented sedimentary, lithostratigraphic and geochemical features that are consistent with aquatic origin of host black cherts (Sugitani, Van Kranendonk, Oehler, House, & Walter, 2017) .
Possible planktonic lifestyle has been suggested for micro-organisms that represent lenticular microfossils, based on their near-equant morphology, surrounding equatorial flanges, dispersed occurrence in nonmat-like groupings, occurrence as well with carbonaceous clots, and their carbon isotopic composition (House et al., 2013; Oehler et al., 2017) . Except for colonial clusters, the lenticular microfossils are distributed randomly in the host cherts, neither forming nor collaborating with mat-or film-like structures, except for a few cases. As the host cherts, particularly those of the ca. 3.0 Ga Farrel Quartzite in the Pilbara
Craton, contain abundant film-like carbonaceous objects that were interpreted as fragmented biofilms (Sugitani et al., 2007) , the possibility cannot entirely be excluded that some of lenticular microfossils represent reworked and transported benthic communities. However, the modes of occurrence described above favor the interpretation that the lenticular microbes had planktonic lifestyle.
To date detailed taxonomic study of lenticular microfossils has been performed only on populations from the 3.4 Ga Strelley Pool Formation . Analyses of morphological parameters of over has been suggested that the lenticular organisms were chemo-or photoautotrophs (House et al., 2013; Lepot et al., 2013; Oehler et al., 2017) .
Heterotrophic affinity is less likely, considering the large size of plausibly non-parasitic lenticular microfossils (Schulz & Jørgensen, 2001) and that biomass of heterotrophs should be smaller than that of autotrophs as primary producers. The timing of the evolution of oxygen-producing photoautotrophy is controversial, but many consider that it could be as old as ~3.0 Ga (e.g., Buick, 2008; Crowe et al., 2013; Nisbet & Sleep, 2001; Rosing & Frei, 2004; Schirrmeister, Sanchez-Baracaldo, & Wacey, 2016) . Thus, anoxigenic photoautotrophy is likely to have evolved earlier (e.g., Tice & Lowe, 2006) . Chemoautotrophs such as metanotrophs and sulfur-metabolizing micro-organisms are thought to have evolved earlier as well (e.g., Ueno et al., 2001 Ueno et al., , 2006 Wacey et al., 2011) .
| S IMUL ATI ON S AND RE SULTS
| Principles of simulation
In 
| Numerical methods
Numerical methods employed in this study were (a) the finite difference method on the staggered grids for the Eulerian dynamics of the virtual fluid and (b) Newton's equation of motion for the Lagrangian dynamics of the virtual cells. Embedding of the cell into the fluid and computation of the force between the cell and fluid were implemented using the Volume Penalization (VP) Method (Kolomenskiy & Schneider, 2009) . Forces between solid virtual cells to prevent overlapping were introduced by using Discrete Element Method (Cundall & Strack, 1979) .
| Definition of parameters of virtual cells
Upon performing simulation of fluid dynamics of lenticular microfossils, defined parameters of virtual cell (spheroid with flange) including those previously described are shown in Figure 6 . Variations in size, oblateness and flange ratio used for virtual cells were determined optionally based on real data of the lenticular microfossils from the Strelley Pool Formation (Figure 3 ).
Virtual spheroid is comprised of sphere and oblate spheroid of varied oblateness, which imitates central body and flange (also see Figure 2b ), respectively. 
1). Whole size (W
| Sedimentation simulation
First, we performed sedimentation simulation, in order to assess how flange and oblateness work for assumed planktonic habit of lenticular microbes. The computational domain is a cubic box with 1 cm length and discretized at the 400 grid points in each direction.
Non-slip boundary conditions were imposed at the walls perpendicular to the gravity, while the walls parallel to the gravity satisfied the periodic boundary conditions. The fluid is assumed to be water with density 1.0 g/cm 3 and viscosity 0.01 g/cm·s and is initially at rest. The number of the cells is 75 and initially put as 5 × 5 × 3 with equal distance, but the orientation is random and isotropically dis- (also see Table 1 ). We observe that V fsp is around 7% smaller than V esp , and that thinner flange has bigger effect on the suspension 
| Effect of oblateness
Effect of oblateness (O b ) from 0.0 to 0.3 (step = 1) on the mean sedimentation velocity was examined for the three combinations of size and flange thickness (W s , R f ) = (1,000 μm 2 , 0.3), (4,000 μm 2 , 0.3) and (4,000 μm 2 , 0.5). The flange ratio (F r ) was fixed to 0.5. For the case of (W s , R f ) = (1,000 μm 2 , 0.3), the amplitude of the mean sedimenta- (Figure 8a ). The same trend was obtained also for (W s , R f ) = (4,000 μm 2 , 0.5) (Figure 8c ). However, for the case of (Figure 11b ).
| Effects of oblateness
Z fsp (O b = 0.2) > Z fsp (0.1) > Z fsp (0.3) > Z fsp (0.0)
| D ISCUSS I ON
It has been conjectured that UV-radiation in the Archean was higher than today (Catling & Claire, 2005; Cockell & Raven, 2007) , which might have consigned some organisms to subsurface habitats and ocean depths sufficient to attenuate UV-radiation (Homann et al., 2016; Rasmussen, 2000; Wacey et al., 2011) . Geologic records in the Paleoarchean era also suggest that volcanic activity was relatively high (Lowe, 1999; Van Kranendonk et al., 2006) and that asteroid impacts occurred more frequently than in later periods, even after the Late Heavy Bombardment from ~4.1 to 3.8 Ga (Byerly et al., 2002; Glikson et al., 2016; Lowe, 2013; Lowe & Byerly, 1986 .
Extensive and intense volcanic activity likely resulted in agitation of surface habitats and could have been sources of heat stress to organisms. Asteroid impacts likely have caused crustal fracturing, tsunamis, boiling, and even evaporation of the surface waters of the oceans (Lowe, 2013; Lowe & Byerly, 2015; Lowe et al., 2003) .
Nevertheless, microbes flourished in shallow to even subaerial environments in the early Archean (Allwood et al., 2006; Djokic, Van Kranendonk, Campbell, Walter, & Ward, 2017; Noffke, Christian, Wacey, & Hazen, 2013; Sugitani et al., 2010 , 2013 , Sugitani, Mimura, Takeuchi, Yamaguchi, et al., 2015 , indicating that primitive life on catastrophic events occurred in one locality .
Size and shape of extant phytoplankton have been extensively studied in the context of light harvesting, nutrient uptake, turbulence, and relationship with grazers (e.g., Smayda, 1971; Margalef, 1978; Raven, 1998; Peperzak, Coljin, Koeman, Gieskes, & Joordens, 2003; Jiang, Schofield, & Falkowski, 2005; Finkel, Katz, Wright, Schofield, & Falkowski, 2005; Naselli-Flores, Padisák, & Albay, 2007 and references therein; Sciascia, De Monte, & Provenzale, 2013) . It is generally accepted that small cells have some advantages over larger cells. As predicted from Stoke's law, cells of smaller size tend to have smaller sedimentation velocity than larger cells (e.g., Raven, 1998; Sciascia et al., 2013; Smayda, 1971 ), which could provide opportunities to remain within a euphotic zone for longer periods. Small cells utilize resources more effectively due to the small package effect and small diffusion boundary layers that are associated with light harvesting and nutrient uptake, respectively (Raven, 1998) . However, sedimentation rates of phytoplankton cells and colonies are determined not solely by their size, but dominantly by density (Peperzak et al., 2003) as well as other factors such as morphological asymmetrysymmetry and complexity (Padisák, Soróczki-Pintér, & Renzer, 2003) . Large cells also could compensate their disadvantage by having vacuoles that could store nutrients and/or provide buoyancy and by departure from sphericity that could increase the surface area to volume ratio (S/V) leading to have enhanced nutrient uptake (Finkel et al., 2005; Margalef, 1978; Salman et al., 2011; Schulz et al., 1999; Tozzi, Schofield, & Falkowski, 2004) .
Based on these observations, we support earlier suggestions that acquisition of robust walls was a key adaptation of the lenticular microbes for surviving the harsh environment on the early Earth (Oehler et al., 2014 . However, robustness could have potentially increased cell density, as the cellulose that makes up the rigid walls of plant cells has a higher density (1.5 g/cm 3 ) than protoplasm (1.02-1.06 g/cm 3 ) and the cholesterol component of cell plasma membranes (1.05 g/cm 3 ).
Such possible higher density might have been compensated by enlargement of cell size, which could have vacuoles filled with low-density fluids or gases, increasing buoyancy. The vacuoles also could serve as large nutrient-storage bodies, as described above. It should be emphasized that flange surrounding these lenticular microfossils also could have increased their S/V ratio.
Notably, our work suggests that a large cell size allows the flange to work more effectively to diminish sedimentation velocity (Table 1) The results of sedimentation simulations support the previously suggested planktonic lifestyle of the lenticular microbes (House et al., 2013; Oehler et al., 2014 Oehler et al., , 2017 where the plank- 
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